The faecal contamination of drinking water sources can lead to waterborne disease outbreaks. To estimate a potential risk for waterborne infections caused by faecal contamination of drinking water sources, knowledge of the pathogen concentrations in raw water is required. We suggest a novel approach to estimate pathogen concentrations in a drinking water source by using microbial source tracking data and fate and transport modelling. First, the pathogen (norovirus, Cryptosporidium, Escherichia coli O157/H7) concentrations in faecal contamination sources around the drinking water source Lake Rådasjön in Sweden were estimated for endemic and epidemic conditions using measured concentrations of faecal indicators (E. coli and Bacteroidales genetic markers). Afterwards, the fate and transport of pathogens within the lake were simulated using a three-dimensional coupled hydrodynamic and microbiological model. This approach provided information on the contribution from different contamination sources to the pathogen concentrations at the water intake of a drinking water treatment plant. This approach addresses the limitations of monitoring and provides data for quantitative microbial risk assessment (QMRA) and risk management in the context of faecal contamination of surface drinking water sources.
INTRODUCTION
To perform QMRA, data on pathogen concentrations at the water intake to the WTP are needed. However, pathogen concentrations in water sources are rarely measured due to the complexity and cost of the analytical tests (e.g. Brookes pathogens in the environment (Ashbolt et al. ; Brookes et al. ; Harwood et al. ) . Pathogen concentrations at the water intake to the WTP depend on the pathogen load that enters the water body from different contamination sources (e.g. wastewater treatment plants, on-site sewer systems, emergency sewer overflows as well as surface runoff from urban and agricultural areas) and on the pathogen fate and transport within the water body.
The pathogen load to the water body from different contamination sources varies strongly with time, often due to the prevalence of the disease in the population. Under epidemic conditions, pathogens are excreted from many more human or animal hosts than under endemic conditions. An increased pathogen load, which enters the water source with wastewater discharges or surface runoff, implies higher pressure on water treatment and, as a result, increased risk of waterborne infections. The pathogen load to the water body under both endemic and epidemic conditions can be estimated based on the assumption that the ratio of pathogens to faecal indicators in fresh faecal matter is the same as in the contaminated discharges to the water source.
The estimation of pathogen load to the water body can be performed using traditional faecal indicators (such as Escherichia coli) or indicators that are applied in microbial source tracking to determine the origin of faecal contamination, such as Bacteroidales genetic markers (Field & Samadpour ) . Several Bacteroidales assays have been proposed for the identification of host-specific faecal matter from humans and cattle (Bernhard & mainly due to the lack of data on pathogen concentrations.
In this study we have estimated concentrations of Cryptosporidium, norovirus and E. coli O157/H7 in contamination sources around a drinking water source, Lake Rådasjön, Sweden and simulated fate and transport of these pathogens within the lake. The concentrations in the contamination sources under endemic and epidemic conditions were estimated using the ratio of pathogens to faecal indicators (E. coli, human and ruminant Bacteroidales genetic markers) in fresh faecal matter. The spread of the pathogens within the lake from the contamination sources to the point of the WTP water intake was simulated using a three-dimensional hydrodynamic and microbiological model that takes into account pathogen inactivation in the environment. We suggest a novel approach to provide input data on pathogen concentrations in a drinking water source for QMRA by combining microbial source tracking data with hydrodynamic and microbiological modelling.
Moreover, this approach provides information on the contribution from different contamination sources to the pathogen concentrations at the WTP water intake and enables prioritisation of mitigation measures.
METHODS

Study area
Lake Rådasjön (Figure 1) is located on the west coast of Sweden and constitutes the main water source for the city of Mölndal (60 000 consumers) and is a reserve water supply for the city of Gothenburg (500 000 consumers).
The surface area of the lake is approximately 2.0 km 2 , the catchment area of the lake is 14.9 km 2 and the maximum water depth is 23 m. The main inflow to the lake is the river Mölndalsån with a water flow in the range 1-20 m 3 s -1 .
The river Mölndalsån enters the lake in the southeast and drains the lake in the west to Lake Stensjön. The water intake for the city of Mölndal is located in the north-western part of the lake at 15 m depth ( Figure 1 ). Lake Rådasjön is subjected to faecal contamination from various sources located in the catchment of the lake.
In terms of the risks of waterborne disease outbreaks, the sources of human and ruminant faecal contamination are assumed to be the most relevant. Human faecal contamination at the water intake may originate from on-site sewers located to the north of the lake. On-site sewers release partly treated effluents into streams that enter the lake close to the water intake (Figure 1 , sites 3 and 7).
Another source of human faecal contamination is an emergency sewer overflow at a pumping station in a separate sewer system located south of the lake (Figure 1 Furthermore, Cryptosporidium can enter the lake from the sources of both human and ruminant faecal contamination (WHO ), i.e. all the sources mentioned above.
Estimation of norovirus, Cryptosporidium and E. coli
O157/H7 concentrations in the contamination sources
To estimate the concentrations of norovirus, Cryptosporidium and E. coli O157/H7 in the discharges from contamination sources to Lake Rådasjön (Figure 1 ), the ratio of pathogens to faecal indicators was defined according 
where C P is the pathogen concentration; C I is the faecal indicator concentration; and p is the prevalence of a disease among people and animals present in the catchment of the lake. Prevalence of a disease was defined according to Equation (2):
where I is the incidence of disease (the number of new cases within a specified time period divided by the size of the population initially at risk) and t is the duration of excretion (days).
The parameters in Equation (1) were described by probability distributions in order to take into account their variability. Faecal indicator concentrations in the contamination sources were described by lognormal distributions with location, 50 and 95 percentiles (hereafter denoted as %). The faecal indicator and pathogen concentrations in faecal matter, as well as the data for incidence and duration of excretion, were obtained from the literature and described by probability distributions (Table 1 ). The estimation of the pathogen concentrations in the contamination sources was performed for endemic and epidemic conditions. It was assumed that under epidemic conditions on average half of the population of humans or animals excrete pathogens, i.e. the prevalence of a disease under epidemic conditions was described by a Beta distribution with min ¼ 0; 5% ¼ 0.3;
The concentrations of pathogens in the contaminated discharges to the lake were calculated according to
Equation (1) using Monte Carlo simulations (10 000 iterations) and presented as percentiles (5, 50 and 95%). The pathogen concentrations in the human faecal contamination cal scenario in which these sources were located in the vicinity of the water intake on the north-western shore of the lake.
Hydrodynamic model of Lake Rådasjön
To simulate the water flows in Lake Rådasjön, the three- The open boundary conditions (Figure 1, arrows) were defined by the discharge into the lake from the river Mölndalsån and by the water level in the downstream Lake Stensjön (Table 2 ). The land boundary was defined by zero normal velocity. The temperature on the open boundaries was described as zero gradients.
The model was set up to account for the hydrometeorological conditions (wind and precipitation on the lake surface), the withdrawal of water from the lake by WTPs, the inflow to the lake from small streams and to simulate the heat exchange between the atmosphere and the lake ( Inactivation of pathogens was described in the microbiological model according to Equation (3):
where k is the decay rate of pathogens in the water, t is the time and C is the pathogen concentration.
The decay coefficient for inactivation of norovirus and E. coli O157/H7 in the lake was described by Equation (4 
where k 0 (day -1 ) is the decay rate at 20 W C for a salinity of 0‰ and darkness; θ I is the light coefficient; Int (kW m -2 ) The inflow to the lake from the small creeks was estimated using precipitation data for the catchment area of the respective creek and surface runoff coefficients, which were assigned based on the rate of exploitation and slope.
is the light intensity integrated over depth; θ T is the temperature coefficient; and Temp ( W C) is the water temperature.
It was assumed that the inactivation of norovirus and E. coli O157/H7 is well represented by the inactivation of faecal indicators somatic coliphages and E. coli, respectively (WHO ). The coefficients in Equation (4) The decay coefficient for the inactivation of Cryptosporidium in the lake is described by Equation (5) 
Sedimentation of Cryptosporidium was simulated according to Equation (6):
where dz is the thickness of the layer and ν s is the settling velocity. The settling velocity was specified as 0.03 m day -1 , which is the settling velocity previously suggested for free oocysts (Medema et al. ) . It was conservatively assumed that Cryptosporidium oocysts released into the lake were not attached to particles (Brookes et al. ) . (Figure 3) .
RESULTS
The comparison of the 50% values of pathogen concentrations showed that the differences of more than 1 log unit between the estimations using E. coli and Bacteroidales markers were observed for on-site sewers (site 7) and untreated stormwater (site 18; Figure 3 ).
Simulated concentrations of norovirus,
Cryptosporidium and E. coli O157/H7 at the water intake
The output results from the coupled hydrodynamic and microbiological modelling were the time series of pathogen concentrations at the water intake of the city of Mölndal during the year 2008 (e.g. Figure 4) . These time series demonstrated that the contributions from different contamination sources to the pathogen concentrations at the water intake can vary strongly over time, up to 4 log units in case of norovirus (Figure 4) .
To simplify the analysis, the results were also presented using the arithmetic average values of the time series ( Figure 5 ).
The modelling results illustrated that, under both endemic and epidemic conditions, on-site sewers (site 3)
contributed the most to the norovirus concentration at the water intake followed by the emergency sewer overflow (site P), the on-site sewers (site 7) and the untreated stormwater source (site 18; Figure 5 ). In the case of Cryptosporidium, under endemic conditions the source that contributed most to the concentration at the water intake was the cattle grazing area ( Cryptosporidium and E. coli O157/H7 concentrations at the water intake were below 1 No. L -1 , while under epidemic conditions the pathogen concentrations at the water intake were expected to be much higher ( Figure 5) .
The simulations demonstrated that if the emergency sewer overflow (site P), the untreated stormwater source (site 18) and the cattle grazing area (site 17) were located in the vicinity of the water intake on the north-western shore of the lake, the contributions from these sources to the pathogen concentrations at the intake would be up to 1 log unit greater ( Figure 5 ) than the contributions from their actual locations (Figure 1) . In the simulations the 50% values of pathogen concentrations in the contamination sources estimated for epidemic conditions using BacH and BacR markers were used.
DISCUSSION
In this paper, we have suggested the combination of microbial source tracking with coupled hydrodynamic and microbiological modelling in order to obtain data on pathogen concentrations in a drinking water source. To the best of our knowledge, this is the first study where the microbial source tracking data were used to calculate pathogen concentrations in the contamination sources to provide input data for coupled hydrodynamic and microbiological model- The modelling results have demonstrated that the source with the highest estimated pathogen concentrations is not necessarily the main contributor to the pathogen concentrations at the water intake (Figures 3 and 5 ). Furthermore, the pathogen concentrations at the water intake can vary strongly over time (Figure 4 ). This illustrates that the risks for the drinking water supply are dependent on factors such as the magnitude of discharge from the contamination source and the pathogen fate and transport within the water source (Ashbolt et al. ) . This emphasises the value of performing hydrodynamic and microbiological modelling in order to estimate the impact of various contamination sources on the water quality in a water source (e.g. Liu would be appropriate to estimate the possible pathogen concentrations at the intakes to the WTPs in these two areas.
Furthermore, the estimated pathogen concentrations at the intakes to the WTPs could be used as input data for QMRA to indicate the health risks for the consumers. In the case of the outbreak in Skellefteå, preliminary modelling results confirmed that wastewater discharges could have reached the raw water intake in the river Skellefteälven (Skellefteå Municipality ). The outbreak in Östersund occurred shortly after autumn destratification of Lake Storsjön, i.e. during the period when there were mixed conditions in the lake and the faecal contamination could reach the raw water intake located deep in the lake. These examples illustrate the importance of understanding the hydrodynamic processes in drinking water sources and the need for fate and transport modelling.
CONCLUSIONS
By combining microbial source tracking data with coupled hydrodynamic and microbiological modelling, we have estimated the pathogen concentrations in different contamination sources around a drinking water source and evaluated the contributions from these contamination sources to the pathogen concentrations at the WTP water intake. The suggested approach provides input data for QMRA and decision support data for risk management and the prioritisation of mitigation measures.
The concentrations of norovirus, Cryptosporidium and E. coli O157/H7 in different contamination sources around Lake Rådasjön were estimated for endemic and epidemic conditions based on measurements of E. coli and
Bacteroidales markers in these contamination sources. The estimated pathogen concentrations in the contamination sources under epidemic conditions were up to 5 log units higher than under endemic conditions. The estimations based on Bacteroidales markers were considered to be source specific and thus more accurate than the estimations based on E. coli. From the results of coupled hydrodynamic and microbiological modelling, we can conclude that under endemic conditions the on-site sewers (site 3) were the source that contributed the most to the norovirus concentrations at the WTP water intake in Lake Rådasjön; the cattle grazing area (site 17) was the main contributor to the Cryptosporidium concentrations. Under epidemic conditions the on-site sewers (site 3) contributed the most to both norovirus and Cryptosporidium concentrations at the water intake. This modelling approach has proved to be a useful tool for simulating the pathogen fate and transport in a water source.
It can be concluded that integrating microbial source tracking with hydrodynamic and microbiological modelling yields more information than can be gained from applying these methods separately. The approach reported in this article can be used to prevent waterborne disease outbreaks caused by the faecal contamination of surface drinking water sources.
